Rettig R. Lack of cardiac fibrosis in a new model of high prorenin hyperaldosteronism. Am J Physiol Heart Circ Physiol 297: H1845-H1852, 2009. First published September 11, 2009 doi:10.1152/ajpheart.01135.2008The aim of the present study was to test the hypothesis that elevation of prorenin in plasma is sufficient to induce cardiac fibrosis. Normotensive cyp1a1ren-2 transgenic rats with normal plasma prorenin and aldosterone levels were given 0.125% indole-3-carbinol (I3C) orally for a period of 12 wk. Plasma prorenin and aldosterone levels were determined in 4-wk intervals, and cardiac marker enzymes for hypertrophy, fibrosis, and oxidative stress as well as cardiac pathology were investigated. In I3C-treated cyp1a1 ren-2 transgenic rats, plasma prorenin concentrations were Ͼ100-fold elevated (Ն7.1 Ϯ 2.6 g ANG I ⅐ ml Ϫ1 ⅐ h Ϫ1 vs. Յ0.07 Ϯ 0.1; P Ͻ 0.001), whereas active renin levels were suppressed (0.09 Ϯ 0.02 vs. 0.2 Ϯ 0.1; P Ͻ 0.05). Aldosterone concentrations were elevated three-to fourfold for a period of Ͼ4 wk (574 Ϯ 51 vs. 160 Ϯ 68 pg/ml; P Ͻ 0.01). After 12 wk of I3C, rats exhibited moderate cardiac hypertrophy (heart weight/body weight 2.5 Ϯ 0.04 vs. 3.1 Ϯ 0.1 mg/g; P Ͻ 0.01). There was a slight increase in mRNA contents of endothelin 1 (1.21 Ϯ 0.08 vs. 0.75 Ϯ 0.007; P Ͻ 0.001), NADP oxidase-2 (1.03 Ϯ 0.006 vs. 0.76 Ϯ 0.04; P Ͻ 0.001), transforming growth factor-␤ (0.99 Ϯ 0.06 vs. 0.84 Ϯ 0.04; P Ͻ 0.05), collagen type I (1.32 Ϯ 0.32 vs. 0.94 Ϯ 0.18; P Ͻ 0.05), and intercellular adhesion molecule-1 (1.12 Ϯ 0.12 vs. 0.84 Ϯ 0.08; P Ͻ 0.05). These genes are known to be stimulated by the renin-angiotensin system. There were no histological signs of fibrosis in the heart. We found that prorenin and aldosterone alone are not sufficient to induce considerable cardiac fibrosis in the absence of sodium load.
PRORENIN IS THE INACTIVE PRECURSOR of mature (active) renin. The protein is classically activated by proteolytic cleavage of a 43-amino acid prosegment. Alternatively, prorenin may be activated in a nonproteolytic manner by the recently identified (pro)renin receptor (14) . Nonproteolytic activation of prorenin has been suggested to induce hypertrophy and proliferation in cultured neonatal rat cardiomyocytes in vitro (28) and to cause cardiac fibrosis in salt-loaded spontaneously hypertensive rats (SHR) (32) as well as stroke-prone SHR (SHRSP) (9) in vivo. Although these actions were presumed to be mediated through the generation of ANG I and II (9, 28) , prorenin may have biological effects that are independent of its ANG-generating capacity. Thus it has been reported that prorenin induces intracellular signaling in mesangial cells (14) and cardiomyocytes (27) independently of ANG II in vitro. It is currently unclear whether high circulating prorenin levels are sufficient to cause cardiac fibrosis in the absence of high circulating active renin and ANG levels.
The mineralocorticoid aldosterone has also been implicated in cardiac fibrosis (2, 29, 34) . In clinical studies (25, 26) primary hyperaldosteronism was associated with functional and structural alterations of the heart, suggestive of increased myocardial collagen deposition. Furthermore, blockade of aldosterone receptors by spironolactone, in addition to standard therapy, reduced the risk of both morbidity and death among patients with severe heart failure (22) . In various rat models with ANG II-dependent hypertension, pharmacological mineralocorticoid receptor blockade (6, 23, 24) , removal of aldosterone by adrenalectomy (5, 24) , or inhibition of aldosterone synthesis (5) reduced cardiac damage independently of blood pressure. In contrast, chronic hyperaldosteronism failed to induce cardiac fibrosis in a transgenic mouse model with epithelial sodium channel dysfunction (33) . Furthermore, inhibition of mineralocorticoid receptor expression in a murine conditional knockdown model led to cardiac fibrosis that was fully reversible when mineralocorticoid receptor expression was normalized (1) . Thus, although there is ample evidence that aldosterone is involved in cardiac fibrosis, its exact role is still not completely understood. In particular, there is evidence against the hypothesis that high circulating aldosterone levels are sufficient to cause cardiac fibrosis in the absence of cofactors such as sodium load, high circulating active renin, or high ANG levels (2, 29, 34) .
Cyp1a1ren-2 transgenic rats (TGR) carry a mouse ren-2 renin transgene, the hepatic expression of which is under the control of the cytochrome P-450 promoter cyp1a1 (10) . The latter is activated by various xenobiotics, including the aryl hydrocarbon compound indole-3-carbinol (I3C). When given in the diet, I3C dose-dependently increases circulating prorenin levels and arterial blood pressure. Although cyp1a1ren-2 TGR have been frequently used as a model of malignant hypertension with markedly elevated prorenin as well as active renin concentrations (7, 10 -12, 15) , we have recently developed a protocol using a lower dose of I3C that results in stable nonmalignant hypertension with chronic mean arterial pressure levels around 170 mmHg and markedly elevated prorenin but low active renin concentrations (16) . In the present study, we have used this protocol to test the hypothesis that elevated circulating prorenin and aldosterone levels will induce cardiac fibrosis in the presence of low circulating active renin levels.
MATERIALS AND METHODS
Animals. Cyp1a1ren-2 TGR were bred at the University of Greifswald from stock animals supplied from the University of Edinburgh.
Fischer F344 rats obtained from Harlan Winkelmann (Borchen, Germany) served as nontransgenic controls. Animals were housed in a temperature-and humidity-controlled facility with lights on from 6:00 A.M. to 6:00 P.M. They had access to a standard diet (EF 1/80; Ssniff, Soest, Germany) to which NaCl was added to yield a final NaCl content of 1.0% and tap water ad libitum. Body weight and water intake were recorded two times weekly. All procedures were approved by a governmental committee on animal welfare, the guidelines of which are in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Experimental protocols. The study was performed in 24 male cyp1a1ren-2 TGR and 12 age-matched male F344 rats. At the age of 15 wk, 12 cyp1a1ren-2 TGR and 6 F344 rats were placed on an experimental diet containing 0.125% I3C. The remaining rats were placed on a control diet without I3C. The diets were applied for 12 wk. Six rats from each of the four groups were used to study the plasma renin-angiotensin-aldosterone system as well as cardiac gene expression and cardiac histology. These rats were treated as follows. Before application of the experimental diets as well as at weeks 4, 8 , and 12 of the diets and at corresponding time points in control animals, 1.5 ml of EDTA-blood were obtained from the retroorbital plexus under light ether anesthesia for measurements of plasma prorenin, plasma active renin, ANG I, and plasma aldosterone concentrations. Before the end of the experiment (2 days), three I3C-treated cyp1a1ren-2 TGR received a femoral artery catheter to determine arterial blood pressure. At the end of the experiment, rats were killed under deep ether anesthesia. The heart was removed and weighted, and the apex of the left ventricle was snap-frozen in liquid nitrogen for RNA extraction. The rest of the heart was fixed in 4% formalin for histological examination. The remaining 12 cyp1a1ren-2 TGR were used for cardiac magnetic resonance imaging (MRI) studies. These rats were killed under deep ether anesthesia at the end of the 12-wk dietary protocol. The heart was removed, fixed in 4% formalin, and examined in a small animal MRI device according to the following protocol.
Determination of left ventricular mass by MRI. Imaging of formalin-fixed hearts was carried out on a 7T (300 Hz) MRI system (ClinScan; Bruker BioSpin, Rheinstetten, Germany). The system consisted of a horizontal magnet (bore size 130 mm), a console with Syngo surface (V. MRB122; Siemens, Erlangen, Germany), and a shielded gradient system (290 mT/m, slew rate 1,160 T ⅐ m Ϫ1 ⅐ s Ϫ1 ). A phased array rat head coil (2 ϫ 2) with an inner diameter of 20 mm was used for transmission. A three-dimensional gradient echo sequence was used (TR ϭ 33 ms, TE 5.1 ms, flip angle 30°). The field of view was 40 ϫ 40 mm, and the acquisition matrix included 256 ϫ 256 pixels, resulting in an in-plane resolution of 313 m. Short-axis views perpendicular to the two-and four-chamber view were generated with Osirix software. From these short-axis views, heart wall thickness and left ventricular volume were determined using Harp plus (diagnosoft) software.
Determinations of plasma prorenin, active renin, and aldosterone concentrations. Plasma total renin and plasma active renin concentrations were determined enzymatically by the capacity to generate ANG I from excess substrate with or without prior trypsin activation, respectively, as previously described (16, 18) . Prorenin concentrations were calculated as the difference between total and active renin levels (20, 21) . Intra-and interassay coefficients of variation were Ͻ10% and Ͻ15%, respectively, for prorenin and Ͻ8% and Ͻ8%, respectively, for active renin. Plasma aldosterone concentrations were determined with a commercially available radioimmunoassay (DPC Biermann, Bad Nauheim, Germany).
Histology of the heart. Formalin-fixed heart tissue was embedded in paraffin, sectioned at a thickness of 4 m on a microtome, and stained with hematoxylin and eosin. Additionally, myocardial collagen content was quantified using azan-stained tissue sections. Quantification of the fibrous areas was performed by the operator without knowledge of the treatment group. The digital images of MalloryAzan-stained heart sections were analyzed with Adobe Photoshop CS version 8.0.1 software. For the analysis of interstitial fibrosis, the vessel areas were excluded from measurement. The total cardiac area was calculated from the number of pixels of the total image minus the number of pixels of the background. Next, the number of pixels of the color blue was counted. The ratios of the area affected by fibrosis (pixels of the color blue) to total cardiac area in the samples were expressed as percent fibrosis. For the analysis of perivascular fibrosis, the ratios of perivascular areas affected by fibrosis (pixels of the color blue) to the vessel volume were determined.
Photomicrographs were taken with a digital camera (Color View II Soft Imaging System; Olympus, Berlin, Germany) at the same light intensity without filter. Images of Mallory-Azan-stained sections were subjected to white balance edition.
Analysis of gene expression by quantitative RT-PCR.
Total RNA was isolated with the acid-guanidium-thiocyanate-phenol-chloroform procedure using the TRIzol Reagent (Invitrogen, Paisley, UK). RNA was dissolved in RNA storage solution (Ambion, Huntingdon, UK). To assess the integrity of the prepared RNA, agarose gel electrophoresis followed by ethidium bromide staining was performed. Removal of residual genomic DNA was achieved by treatment of total RNA with DNase I (DNA-free; Ambion, Huntingdon, UK). Concentration and purity of DNase-treated RNA were determined spectrophotometrically by measuring the absorbance at 260 nm and calculating the ratio of absorbance at 260 to 280 nm, respectively. RT was performed with the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). RNA samples of 1 g were reverse transcribed into cDNA with random hexamer primers according to the manufacturer's instructions.
Expression in the heart of the following genes was examined: prorenin receptor, endothelin-1 (ET-1), nicotinamide adenine dinucleotide phosphate oxidase (NOX) subunits 2 and 4, intercellular cell adhesion molecule-1 (ICAM-1), transforming growth factor-␤ (TGF-␤), and collagen type I as well as type III (Col-1 and Col-3, respectively). Expression levels were determined by TaqMan real-time PCR using porphobilinogen deaminase (PBGD) and ␤-actin as endogenous references. Real-time PCR was performed with ready-to-use TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA) using cDNA equivalent to 9 ng DNase I-treated RNA as template and the GenAmp 5700 Sequence Detection System (Applied Biosystems). Design of synthetic oligonucleotide primers and fluorescent probes for each gene investigated was performed on the basis of published sequences (Table 1) . Probes were labeled with FAM as reporter and TAMRA as the quencher. In preliminary experiments, concentrations of primers and probes were optimized to give low-threshold values (reporter fluorescence significantly above baseline fluorescence) and high PCR efficiency. The PCR included a 10-min activation of the DNA polymerase at 95°C, 40 cycles at 95°C for 15 s for denaturation, and 1 min at 60°C for annealing and extension. PCRs were carried out in triplicate. Quantification of gene expression was performed with the standard curve method. Standard curves (cycle threshold plotted vs. log of concentration) for target genes and for the endogenous references were generated from a serially diluted cDNA pool of all tested samples. Expression levels are given relative to the geometric mean of the expression of PBGD and ␤-actin mRNA. In each PCR run, a no-template-control was included to check for any contamination disturbing PCR. It was also confirmed that no amplification occurred when samples were not subjected to reverse transcription, indicating the absence of genomic DNA after DNase treatment. Identity of the gene-specific PCR products was confirmed by size estimation using standard agarose gel electrophoresis and ethidium bromide staining.
Cell culture and Western blot. Rat vascular smooth muscle cells were cultured in medium (Lonza, Wuppertal, Germany) containing 2 ng/ml fibroblast growth factor, 0.5 ng/ml epidermal growth factor (both from Biochrome, Berlin, Germany), 5 g/ml insulin (Sigma, Steinheim, Germany), 5% FCS, and 1% penicillin-streptomycin (both from Biochrome). All experiments were performed under 24-h serum-free conditions. For stimulation, cells were preincubated with the angiotensin type 1 receptor blocker losartan (10 M) and the angiotensin type 2 receptor blocker PD-123319 (10 M) for 30 min. Thereafter, cells were treated with recombinant rat prorenin or mouse ren-2-prorenin (1.6 ng/ml each) for 10 min. After stimulation, cells were lysed with lysis buffer containing the protease inhibitor cocktail Complete (Roche, Mannheim, Germany) and a phosphatase inhibitor cocktail (Sigma). For Western blotting, we used anti-extracellular signal-regulated kinase (ERK) 1/2 and anti-phosphorylated ERK1/2 (Cell Signaling, Frankfurt, Germany) antibodies, which were detected by standard techniques. Recombinant rat and mouse prorenin were collected from serum-free media of prorenin-transfected HepG2 cells and purified by ultrafiltration through Centricon C30 membranes (Millipore, Schwalbach, Germany) followed by gel chromatography on a DEAE column.
Statistical analyses. Data are given as means Ϯ SD. Data were analyzed by two-way ANOVA followed by the Bonferroni post hoc test or by one-way ANOVA for repeated measurements as appropriate. P values of Ͻ0.05 were accepted to indicate statistical significance. All statistical analyses were performed using the SigmaStat Software (SPSS, Chicago, IL).
RESULTS
Prorenin, active renin, and aldosterone. Rats in all groups thrived well and gained weight to a similar extent throughout the study (data not shown). I3C-treated cyp1a1ren-2 TGR showed a strong and sustained increase in plasma prorenin that was associated with a significant decrease in plasma active renin. Plasma aldosterone (Fig. 1) rose markedly, essentially following the time course of plasma prorenin. There were no statistically significant changes in plasma prorenin, active renin, or aldosterone concentrations in either of the three control groups. There were no significant differences among the four groups with respect to plasma sodium [136.0 Ϯ 1, 137.5 Ϯ 1, 137.2 Ϯ 1, and 137.0 Ϯ 1 mmol/l in F344, F344 ϩ I3C, TGR, and TGR ϩ I3C, respectively, not significant (NS)] or potassium (4.1 Ϯ 0.6, 3.8 Ϯ 0.3, 3.5 Ϯ 0.3, and 3.6 Ϯ 0.3 mmol/l in F344, F344 ϩ I3C, TGR, and TGR ϩ I3C, respectively, NS) concentrations at the end of the experiment, indicating that normal electrolyte homeostasis was maintained in all groups.
Cardiac hypertrophy. After 12 wk of treatment with the transgene inducer I3C, cyp1a1ren-2 TGR showed a significant increase in cardiac weight-to-tibia length ratio ( Fig. 2A) , heart-to-body weight ratio (cyp1a1ren-2 induced: 3.12 Ϯ 0.1 vs. controls: 2.56 Ϯ 0.2, 2.6 Ϯ 0.2, and 2.5 Ϯ 0.1, respectively), and clear signs of cardiac hypertrophy in MRT images (Figs. 2B and 3 ) with an increased left ventricular volume in I3C-treated cyp1a1ren-2 rats. At the end of the experiment, mean arterial pressure in three I3C-treated cyp1a1ren-2 TGR was 169 Ϯ 9 mmHg (16). These data agree well with previously published results (17) .
Histology of the heart. Histological examinations of cardiac tissue sections failed to reveal any signs of myocardial fibrosis, degeneration, or necrosis in I3C-treated rats of either strain. In cyp1a1ren-2 transgenic control rats, interstitial fibrosis amounted to 1.03 Ϯ 0.24 vs. 0.97 Ϯ 0.14% in I3C-treated TGR (NS) (representative photomicrographs :  Fig. 4) ; perivascular fibrosis was 1.4 Ϯ 0.4% in controls vs. 1.2 Ϯ 0.2% in I3C-treated TGR (NS) (Fig. 4) .
Cardiac gene expression. F344 and cyp1a1ren-2 TGR showed no significant differences in the abundances of the investigated genes except for ET-1, which was less abundant in transgenic than in control rat hearts (Fig. 5) . I3C-induced induction of the transgene in cyp1a1ren-2 TGR was associated with significant increases in cardiac transcript abundances for ET-1, NOX-2, ICAM-1, TGF-␤ and Col-1, whereas transcript abundances for NOX-4, Col-3, and the (pro)renin receptor were not significantly altered. Feeding of I3C to nontransgenic controls led to significant reductions in cardiac transcript abundances for ET-1 and NOX-2, whereas transcript abundances for the other genes investigated remained unaltered (Fig. 5) .
Angiotensin-independent phosphorylation of Erk by endogeneous rat and transgenic ren-2 prorenin. To confirm that mouse ren-2 prorenin is able to activate the Erk pathway in rat tissue, we incubated rat vascular smooth muscle cells expressing the rat (pro)renin receptor with purified recombinant rat and mouse prorenin and monitored phosphorylation of Erk (Fig. 6 ). Rat and mouse ren-2 prorenin preparations stimulated Erk phosphorylation to a similar extent and in an angiotensinindependent manner.
DISCUSSION
The major finding of the present study is the lack of cardiac fibrosis in hypertensive cyp1a1ren-2 TGR despite massively increased circulating prorenin levels and moderately elevated plasma aldosterone concentrations. This finding argues against the hypothesis that increased circulating prorenin and aldosterone levels alone or in combination are sufficient to cause cardiac fibrosis in otherwise healthy adult rats. At the same time, the study shows that prorenin induces cardiac hypertrophy, either directly or via prorenin-induced hypertension. Our finding that the degree of cardiac hypertrophy was similar to that observed in other rat models of hypertension with corresponding blood pressures (4) tends to support the latter mechanism.
Prorenin and cardiac fibrosis. Although there is circumstantial evidence from in vitro studies (18, 27, 28) that prorenin may promote the development of cardiac damage, there is little direct evidence from in vivo studies to support this notion. In two recent studies, chronic subcutaneous infusion of a decapeptide that binds to prorenin, thereby inhibiting its interaction with the (pro)renin receptor, attenuated the development of cardiac fibrosis in salt-loaded SHR (32) and SHRSP (9), but not in SHR on a normal salt diet (32) . The lack of effect in SHR on a normal salt diet together with a recent report (13) indicating that blockade of the (pro)renin receptor did not improve target organ damage in rats with renovascular hypertension led to the suggestion that the contribution of prorenin to end-organ damage may be limited to acute and more severe forms of hypertension, such as in salt-loaded models (32) . In support of this notion, we did not find any histological signs of cardiac fibrosis in our transgenic rat model of chronic nonmalignant hypertension despite circulating prorenin levels that were several orders of magnitude higher than those in salt-A B Fig. 2 . A: heart weight normalized to tibia length in F344 control rats and cyp1a1ren-2 transgenic rats (TGR) with and without I3C; n ϭ 6 rats/group, *P Ͻ 0.01. B: left ventricular volume as determined by magnetic resonance imaging (MRI) analysis of formalin-fixed hearts of TGR with and without I3C; n ϭ 6 rats/group. *P Ͻ 0.01. loaded SHRSP in which blockade of the (pro)renin receptor has been reported to improve cardiac damage (9) .
The lack of significant cardiac end-organ damage in our model may indicate that prorenin alone does not play an important role in the pathogenesis of cardiac fibrosis. Alternative explanations that must be considered include 1) the potential failure of circulating prorenin to reach relevant targets within the heart, 2) the potential failure of mouse prorenin to stimulate the rat (pro)renin receptor, and 3) potential downregulation of the cardiac (pro)renin receptor in the presence of high-circulation prorenin levels (30) . With respect to the first hypothesis, we have been able to demonstrate that circulating prorenin is taken up by several tissues, including the heart (18). The local uptake of prorenin leads to increased local renin activity and elevated local tissue angiotensin levels (18) . To test whether the transgenic mouse ren-2 prorenin would stimulate the rat (pro)renin receptor, we measured the effect of mouse prorenin on Erk phosphorylation in vascular smooth muscle cells expressing the rat (pro)renin receptor. It has been shown by others that (pro)renin increases Erk phosphorylation (14) and TGF-␤ expression (8) in vitro in an angiotensinindependent manner, i.e., via the (pro)renin receptor. Our data show that mouse ren-2 prorenin was similarly effective in causing Erk phosphorylation as rat prorenin. Furthermore, measurements of cardiac (pro)renin receptor mRNA abundance in I3C-treated TGR yielded no evidence of receptor downregulation. Together these data clearly argue against the above-mentioned alternative hypotheses, thereby suggesting that prorenin may not play an important role in the development of cardiac fibrosis in cyp1a1ren-2 TGR.
Despite inconspicuous histological results, there were some changes in cardiac gene expression that reached statistical significance. Untreated cyp1a1ren-2 TGR and nontransgenic F344 controls differed only with respect to cardiac ET-1 mRNA content, which was lower in transgenic than in nontransgenic rats, whereas all other mRNA species investigated showed similar cardiac abundances in both strains. Cardiac hypertrophy in I3C-treated cyp1a1ren-2 TGR was associated with increased abundances of ET-1, NOX-2, ICAM-1, and TGF-␤ mRNA. These genes have been commonly used as markers for hypertrophy, oxidative stress, and inflammation. In agreement with the histological results, Col-3 mRNA as a marker for fibrosis was not significantly altered. On the other hand, Col-1 mRNA abundance was slightly increased in I3C-treated cyp1a1ren-2 TGR, possibly suggesting an early stage of imminent fibrosis. The cardiac contents of ET-1 and NOX-2 mRNA were lower in I3C-treated nontransgenic rats than in untreated F344 controls, indicating that I3C may have altered transcript abundances independently of transgene induction. It is noteworthy that I3C treatment lowered cardiac ET-1 and NOX-2 mRNA contents in nontransgenic rats, whereas it increased the abundances of these mRNA species in cyp1a1ren-2 TGR with cardiac hypertrophy. Overall, the changes in cardiac gene expression in this high-prorenin model of arterial hypertension and cardiac hypertrophy were modest and apparently insufficient to cause any discernible effects on cardiac histology other than hypertrophy, despite an increase in Col1 mRNA levels.
Renin has been shown to increase TGF-␤ and Col-1 mRNA abundance in an angiotensin-independent manner by stimulating the (pro)renin receptor (8) . We cannot exclude at this point that prorenin has contributed via this mechanism to the increases in cardiac TGF-␤ and Col-1 mRNA abundances in the present study. Nevertheless, large chronic elevations of circulating prorenin levels failed to induce cardiac fibrosis as shown here, nor did high circulating prorenin cause significant renal end-organ damage as shown in a previous study (16) .
Prorenin and aldosterone production. In agreement with previous studies (10, 16), we found high circulating prorenin and aldosterone levels in the presence of suppressed plasma active renin. Blood samples were obtained under light ether anesthesia, which is known to stimulate the release of active renin from the juxtaglomerular apparatus and the release of aldosterone from the adrenal cortex (19) . Because renin expression in the juxtaglomerular apparatus of cyp1a1ren-2 TGR on I3C is reduced (10), leaving less intracellular renin to be released by the anesthetic, our data may overestimate the extent to which plasma active renin is suppressed in TGR on I3C. In contrast, the high plasma prorenin concentrations in cyp1a1ren-2 TGR on I3C are derived from the liver, where prorenin expression is exclusively controlled by the inductor and remains unaffected by short-lasting anesthesia.
Although we cannot exclude that ether anesthesia may have influenced our results on aldosterone, the finding of elevated plasma aldosterone levels in the present study together with the finding that aldosterone synthase mRNA abundance was increased in the zona glomerulosa in a previous study (10) strongly indicate that adrenal aldosterone production is stimulated in I3C-treated cyp1a1ren-2 TGR. It is likely that the increased aldosterone production in I3C-treated cyp1a1ren-2 TGR is a consequence of the high plasma prorenin concentrations in these rats. The mechanisms by which prorenin stimulates aldosterone production are, however, not well understood. It is conceivable that prorenin is locally activated by binding to the (pro)renin receptor (14) in the adrenal gland. Nonproteolytic activation of prorenin would lead to ANG formation, which in turn would stimulate aldosterone production. This explanation is supported by the finding that mRNA abundance of aldosterone synthase, the key enzyme in aldosterone biosynthesis that is known to be regulated by ANG II, was increased in the zona glomerulosa of I3C-treated cyp1a1ren-2 TGR. Alternatively, (pro)renin may stimulate the prorenin receptor, causing intracellular signaling (14, 30) that in turn may stimulate aldosterone production. It has recently been shown that prorenin and renin are equally potent in (pro)renin receptor activation (31) . In keeping with this notion, TGR overexpressing the (pro)renin receptor in vascular smooth muscle cells showed increased circulating aldosterone levels in the presence of normal plasma renin activity (3) .
Aldosterone and cardiac fibrosis. Experimental evidence for an involvement of aldosterone in cardiac fibrosis comes mainly from studies in rats with ANG II-dependent hypertension or with sodium load (2, 5, 6, 23, 24, 33, 34) . In these models, inhibition of aldosterone synthesis (5, 24) or aldosterone receptor binding (2, 23, 24) attenuated cardiac damage. On the other hand, aldosterone did not induce fibrosis in the absence of sodium load (2, 29, 34) . In our study, increases in plasma aldosterone levels and arterial blood pressure similar to those seen in ANG II-dependent rat models of cardiac damage (5, 24) were not associated with appreciable histological signs of cardiac fibrosis, neither was Col-3 mRNA content in the heart as an established marker for cardiac fibrosis significantly elevated. Our results support the notion that aldosterone alone does not induce cardiac fibrosis and that additional factors such as sodium load or increased angiotensin levels are needed to produce this type of end-organ damage, as previously suggested (2, 29, 34) .
Taken together, our data demonstrate that greatly elevated circulating prorenin levels and moderately elevated circulating aldosterone levels together with moderate hypertension are not sufficient to elicit cardiac fibrosis in rats with circulating angiotensin levels that were lower than those needed to induce pathological phenotypes (i.e., cardiac fibrosis, infarctions, vasculitis, renal disease) (33) . Under the conditions applied in this study, the cyp1a1ren-2 transgenic rat model shows many similarities with human primary hyperaldosteronism, including 1) three-to fourfold increases in circulating aldosterone levels, 2) moderate arterial hypertension, 3) low circulating active renin levels, and 4) aldosterone production independent of renal renin secretion. It may therefore be used as a model of primary hyperaldosteronism in future studies.
